[1] Forty-nine hydrothermal sulfide-sulfate rock samples from the Endeavour Segment of the Juan de Fuca Ridge, northeastern Pacific Ocean, were dated by measuring the decay of 226 Ra (half-life of 1600 years) in hydrothermal barite to provide a history of hydrothermal venting at the site over the past 6000 years. This dating method is effective for samples ranging in age from $200 to 20,000 years old and effectively bridges an age gap between shorter-and longer-lived U-series dating techniques for hydrothermal deposits. Results show that hydrothermal venting at the active High Rise, Sasquatch, and Main Endeavour fields began at least 850, 1450, and 2300 years ago, respectively. Barite ages of other inactive deposits on the axial valley floor are between $1200 and $2200 years old, indicating past widespread hydrothermal venting outside of the currently active vent fields. Samples from the halfgraben on the eastern slope of the axial valley range in age from $1700 to $2925 years, and a single sample from outside the axial valley, near the westernmost valley fault scarp is $5850 6 205 years old. The spatial relationship between hydrothermal venting and normal faulting suggests a temporal relationship, with progressive younging of sulfide deposits from the edges of the axial valley toward the center of the rift. These relationships are consistent with the inward migration of normal faulting toward the center of the valley over time and a minimum age of onset of hydrothermal activity in this region of 5850 years.
Introduction
[2] The circulation of hydrothermal fluids through the oceanic crust at mid-ocean ridges (MORs) results in significant transfer of mass and energy between the oceans and underlying lithosphere. The rate and intensity of hydrothermal circulation has been investigated at scales ranging from the global ridge system [Baker and German, 2004; Davis and Elderfield, 2004; Hannington et al., 2011] down to the scale of individual discharging vents [Converse et al., 1984; Lowell et al., 1995; Von Damm, 1990] . Direct measurements of flow rate, fluid composition, and temperature provide only a snapshot of the physical and chemical attributes of a hydrothermal vent or vent field. Studies of vent fields along Juan de Fuca Ridge, an intermediate-spreading rate MOR in the northeastern Pacific Ocean, show that these attributes can vary significantly over timescales as short as days to weeks in response to tectonic and volcanic events [Butterfield et al., 1997; Embley et al., 1995; Hooft et al., 2010; Johnson et al., 2000; Kelley et al., 2012; Lilley et al., 2003; Seyfried et al., 2003] . In one instance, a chimney was observed to grow 1.2 m in a day after a microseismic event , and the massive 45 m tall sulfide edifice known as ''Godzilla'', within the High Rise vent field, completely collapsed in 1996, with new growth of 10 m 1 year later [Kelley et al., 2012] . Studies of the shortterm (<150 years) growth rates of individual vent chimneys along Juan de Fuca Ridge, using shortlived uranium-series disequilibrium techniques such as 210 Pb/Pb and 228 Th/ 228 Ra, indicate highly variable growth rates that range from 1 to 6 cm/yr [Grasty et al., 1988; Kadko et al., 1985; Kim and McMurtry, 1991; Reyes et al., 1995; Stakes and Moore, 1991] . Because of this variability, meaningful rates of deposit growth over the lifespan of a hydrothermal system cannot be extrapolated from limited duration time-series observations or short-lived radioisotope studies.
[3] Longer-lived U-series isotope systems, such as 230 Th/ 234 U, have been used to date active and inactive sulfide deposits along the East-Pacific Rise [Alt et al., 1987; Lalou et al., 1985] , MidAtlantic [Kuznetsov et al., 2007; Lalou et al., 1995; Shilov et al., 2012] , and Central Indian Ridge [Lalou et al., 1998 ]. Data from a detailed geochronological study of the TAG hydrothermal mound on the Mid-Atlantic ridge are consistent with venting occurring in long-lived pulses (up to 50,000 years), punctuated by periods of little to no sulfide deposition [Lalou et al., 1995] . This suggests that the lifespan of a hydrothermal system may be largely dependent on the local tectonic environment and may be inversely correlated with spreading rate. Hydrothermal systems associated with intermediate-rate spreading ridges (i.e., 4-6 cm/yr) are active over several thousands of years.
[4] Ages in the range of thousands of years cannot be determined using the short-lived isotope systems (<150 years; e.g., 210 Pb/Pb, 228 Ra) or longer-lived systems (>5000; e.g., 230 Th/ 234 U) that are most commonly used to date seafloor hydrothermal deposits. Radium-226, which has a half-life of 1600 years, can be used to determine the age of vent deposits between $200 and 20,000 years old Ditchburn et al., 2004] , effectively bridging the age gap between shorter-and longer-lived isotopic systems.
[5] In this study, ages of a regionally extensive suite of sulfide-sulfate samples from hydrothermally active and inactive sites along the Endeavour Segment of the Juan de Fuca Ridge ( Figure 1) were determined using the 226 Ra/Ba method. The Endeavour Segment is spreading at a full rate of 6 cm/yr [Goldstein et al., 1991; Riddihough, 1984] , and contains five known active vent fields, each spanning hundreds of meters in length, with a few small isolated areas of black smoker discharge, and several smaller areas of diffuse venting [Kelley et al., 2012] . There is also an abundance of inactive sulfide deposits, both within and between the active fields [Clague et al., 2008; Delaney et al., 1992; Glickson et al., 2006; Kelley et al., 2002 Kelley et al., , 2012 . Hydrothermal deposits at Endeavour are enriched in barite, relative to other MOR deposits [Kristall et al., 2006; Stakes and Moore, 1991; Tivey et al., 1999] . The barite is the primary host for the radiogenic isotope 226 Ra, which is used to date these deposits. In this paper, we present age limits on hydrothermal activity and the spatial and temporal history of hydrothermal venting along the Endeavour Segment. where N is the 226 Ra/Ba of the sample at the time collected, N 0 is the initial 226 Ra/Ba of the sample at the time of crystallization, and 1600 years is the half-life of 226 Ra.
[7] The age of the sample is dependent on the amount of
226
Ra that has decayed, relative to the original 226 Ra content for each sample, which cannot be determined directly. However, the 226 Ra/Ba of active, ''zero-age'' vents can be used as a proxy for initial ratios along the entire ridge , assuming that the 226 Ra/Ba in the hydrothermal fluids does not vary spatially along the ridge segment or temporally over timescales of thousands of years. The lack of spatial variability of 226 Ra/Ba can be tested by measuring the ratios in active deposits from various locations along the ridge segment. Temporal variability is much more difficult to ascertain directly. However, the 226 Ra/ Ba of the source basalt for a ridge segment is unlikely to have changed significantly on a timescale of thousands of years [Butterfield et al., 1994; Von Damm, 1990] .
Geologic Setting
[8] The Endeavour Segment forms a 90 km long section of the Juan de Fuca Ridge in the northeastern Pacific Ocean (Figure 1 ). The segment rises to a minimum depth of 2050 m below sea level (mbsl) along a central broad bathymetric high $15 km in length (Figure 2 ). The depth of the segment gradually increases to the north and south, away from the central high, to a maximum depth of >2700 m [Delaney et al., 1992] . A well-developed axial valley runs the center of the bathymetric high, varying in width between 500 and 1000 m [Delaney et al., 1992; Glickson et al., 2007; Kelley et al., 2002] . The valley walls are up to 200 m high and consist of a series of faulted half-grabens that form a step pattern rising from the valley floor, with steep walls that represent the topographic expressions of steep, inward-dipping normal faults [Delaney et al., 1992; Kappel and Ryan, 1986; Wilcock et al., 2009] . The $500 m wide valley floor consists of basaltic flows, collapsed lava lakes, and fissures. Given the absence of historic lava flows (i.e., <30 years old) within the axial valley, it has been suggested that the segment is currently volcanically inactive and is undergoing a period of fault-controlled extension, with the axial valley forming within the past 10,000 years based on spreading rate [Goldstein et al., 1991; Johnson et al., 2000; Proskurowski et al., 2004; Riddihough, 1984; Volpe and Goldstein, 1993] . However, recent seismic swarms in 1999, 2003-2004, and 2005 have been attributed to shallow diking events, resulting in changes in hydrothermal vent fluid temperatures, fluxes, and chemistry [Bohnenstiehl et al., 2004; Davis et al., 2001; Hooft et al., 2010; Lilley et al., 2003; Seyfried et al., 2003; Wilcock et al., 2009] . Recent seismic imaging shows a discontinuous series of strong reflectors at 1.9-4.0 km beneath the seafloor [Carbotte et al., 2012; Van Ark et al., 2007] that are interpreted to represent the top of a series of axial magma chambers that extend for 24 km along the Endeavour Segment [Van Ark et al., 2007] and indicate the potential for renewed volcanic activity.
[9] The Endeavour Segment hosts five discrete, areally extensive active hydrothermal vent fields with an average spacing of 2-3 km between fields (Figure 2 ). The fields host numerous large active and inactive sulfide edifices [Delaney et al., 1992; Glickson et al., 2006; Kelley et al., 2002 Kelley et al., , 2012 Robigou et al., 1993] . At Mothra and the Main Endeavour Field (MEF), hydrothermal activity occurs predominantly near the western edge of the axial valley, suggesting that the western bounding fault is a major conduit for ascending hydrothermal fluids [Delaney et al., 1992; Kelley et al., 2001; Tivey and Delaney, 1986] . Northward from these two fields, hydrothermal activity progressively moves toward the eastern valley walls (i.e., High Rise, Salty Dawg, and Sasquatch: see Figure  2 ). Lower-temperature, diffuse venting sites and abundant inactive hydrothermal chimneys and debris occur between the active vent fields [Clague et al., 2008; Kelley et al., 2002 Kelley et al., , 2012 . The active vent fields are characterized by steep-sided sulfide edifices that commonly rise several tens of meters above the seafloor and can each contain multiple active points of high-temperature discharge [Delaney et al., 1992; Glickson et al., 2007; Kelley et al., 2001; Kristall et al., 2006 Kristall et al., , 2011 Robigou et al., 1993; Tivey et al., 1999] . These structures are dominated by sulfide (principally pyrite, sphalerite, wurtzite, pyrrhotite, marcasite, and chalcopyrite) and sulfate (anhydrite and barite) minerals, with abundant amorphous silica [Delaney et al., 1992; Kristall et al., 2006; Robigou et al., 1993; Tivey and Delaney, 1986] . Barite is particularly abundant relative to typical MOR hydrothermal deposits [Hannington et al., 2005; Sours-Page et al., 1999] . This is interpreted to reflect deposition from vent fluids formed by interaction with basalt enriched in incompatible elements relative to normal MOR basalt [Karsten et al., 1990; Langmuir et al., 1997; Moore and Stakes, 1990] .
Samples
[10] The majority of the >300 hydrothermal sulfide samples collected from the Endeavour Segment over the past 30 years were from active vents, biasing the current sample suite toward young deposits and the most recent hydrothermal activity. One notable exception was a study by Tivey et al. [1999] that included samples from inactive sites between the MEF and High Rise fields. In our study, 36 sulfide samples were collected during several research cruises to the Endeavour segment between 2008 and 2011. The majority of the active and inactive samples from the active vent fields were collected during nine Alvin dives that were primarily focused on the collection of vent fluids and biological samples from the active vents. The visibly oldest and oxidized sulfides were targeted from partly eroded or collapsed chimney structures or talus from inactive areas within the vent fields. Samples collected outside of the active vent fields were collected on three dives with the ROV Doc Ricketts (with one sample collected with the ROV ROPOS). The dives with the Doc Ricketts focused on sampling basalts, sediment cores, and inactive sulfides from diverse locations both within the axial valley and on the ridge flanks, which allowed for the collection of sulfide samples from locations along the ridge segment not normally targeted for sulfide sampling. From the suite of 36 samples and the archive of more than 300 sulfide samples at the University of Washington, 61 samples were selected for analysis.
Methods
[11] Barium content for each sample was measured at ActLabs, in Ontario, either by fusion inductively coupled plasma mass spectrometry or by neutron activation. The reporting uncertainties for both methods are <10% over the range of barium concentrations measured. The 226 Ra activity of each powdered sample was measured by XLB-GWL-SV digital gamma spectrometry (DSPec, OrtecV R ) containing a high-purity germanium crystal, 54.7 mm Â 66.2 mm, and an active well depth of 40 mm. The spectral signature was calibrated using IAEA-312 reference material. The single 226 Ra energy peak at 186 keV is subject to interference from the decay of 235 U at the same energy level. Therefore, the activity of 214 Ra in the sample. To ensure sufficient 226 Ra activity for gamma counting, samples with Ba concentrations of greater than $0.5 wt % were chosen for analysis. These samples required shorter counting times and gave higher precision results Ditchburn et al., 2004] . The resulting gamma spectra were analyzed using a software program developed and provided by Dr. Peter Appleby (University of Liverpool, U.K.), which corrects for background, detector efficiency, sample volume, and matrix effects.
[12] Of the 61 samples analyzed, 12 were collected from active or recently active chimneys and are considered to be zero-age samples (Table 1) and were used to determine the initial 226 Ra/Ba value (N 0 ), which is defined by the slope of a regression curve through these samples on a 226 Ra-activity versus Ba concentration plot (Figure 3a) . From this plot, an N 0 -value of 1275 6 70 (1) Bq/kgÁwt % Ba was used as the initial value for all Endeavour samples. The 12 samples used to define this value were collected from sites of active venting on hydrothermal edifices within MEF (9) and High Rise (2) fields and an actively venting edifice (named Marias) discovered in 2011 within the newly identified Vesta vent field, located between High Rise and Salty Dawg (Figure 2 ) [Kelley et al., 2012] . The two samples from the High Rise field in Figure 3a ( Table 2 ). This relationship is a necessary condition if the 226 Ra/Ba defined by the zero-age samples is representative of the initial ratio for all ancient samples. Age uncertainties range from 125 to 210 years with an average of 135 years. Because of these uncertainties, the 226 Ra/Ba method is considered unsuitable for the two samples from Mothra and the youngest inactive sample from MEF (25 6 125 years, 15 6 125 years, and 200 6 125 years, respectively).
[15] Inactive samples range in age from recent to $6000 years, with all but one sample having ages of less than 3000 years ( Figure 4 ). The single sample older than 3000 years is also the only sample Samples starting with ''ALV'' or ''D'' were collected using the ALVIN submersible or ROV Doc Ricketts, respectively. The three or four digits that immediately follow refer to the dive number for when the sample was collected. The number after the dash is either the sample number for that dive or the time at which the sample was collected (four digits).
collected from outside the axial valley, west of the westernmost axial valley fault scarp on the volcanic ridge (Figure 2) , and has an age of 5850 6 205, which is twice as old as the next oldest sample. All samples younger than 1300 years (n ¼ 34) are from the active vent fields. Samples older than 1300 years (n ¼ 15) are from deposits both within and outside of the active fields (Figure 4 ).
[16] Of the nine samples from inactive sulfide structures outside of the major vent fields, but within the axial valley, six were collected from the axial valley floor and three from the eastern halfgraben on the slope of the valley. The samples on the axial valley floor range from 1230 to 2170 6 125 years old (Figure 4 ). These ages are generally older than those from the active fields, although there is some overlap in ages. Three samples from the eastern half-graben range in age from 1705 to 2925 6 210 years old and are much older than most samples from the axial valley floor.
[17] Twenty-one samples from MEF show a wide age spectrum from recent to 2270 years, with 16 of the samples having ages between 500 and 1500 years (Figure 4 ). The 13 samples from the High Rise Field have a younger age range than the samples from MEF, with ages from present to a maximum age of 845 years (Figure 4) . Five of the 226 Ra activity versus Ba content for inactive samples from the Endeavour Segment. Solid line represents zero-age values (from Figure 3a) . As samples age, their 226 Ra/Ba ratio will follow a vertical path downward from their initial ratio, located on the solid line. For Figures 3a and 3b , uncertainties are smaller than the size of the symbol.
samples collected at High Rise are subsamples of an active spire on the ''Baltic'' edifice at High Rise (ALV2461-R13). Four of the five subsamples from this spire returned ages from 300 to 400 years and are all within analytical uncertainty of each other (Table 2 ). These subsamples can be grouped and considered a single sample with an average age of 355 years. The fifth subsample (R13TIP) was taken from the top of the spire and is considered a zero-age sample (Table 1 ). The Samples starting with ''ALV'' or ''D'' were collected using the ALVIN submersible or ROV Doc Ricketts, respectively. The three or four digits that immediately follow refer to the dive number for when the sample was collected. The number after the dash is either the sample number for that dive or the time at which the sample was collected (four digits). 
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Discussion
Venting History Within the Endeavour Axial Valley
[18] The 49 nonzero age determinations of hydrothermal sulfide samples from the Endeavour segment provide the first quantitative characterization of the spatial and temporal history of venting along the segment. The active vent fields represent discrete hydrothermal systems controlled by faulting along the axis of the valley [Delaney et al., 1992; Kelley et al., 2012; Robigou et al., 1993] . Data from MEF and High Rise provide the most information on the chronology of venting within the currently active fields with 21 and 13 dates, respectively.
[19] The spectrum of ages from the MEF (Figure 4) suggests that it has been hydrothermally active for at least $2300 years. More samples would be required to determine whether venting was truly continuous, as hiatuses of less than 500 years cannot be resolved with these data. Direct observations of vent activity at MEF since 1984 show that the intensity of venting had been relatively stable from the mid-1980s until 1999-2000, when major shifts in temperature, fluid chemistry, and fluid flux occurred, and nascent chimneys formed in response to the emplacement of dikes [Butterfield et al., 1994; Kelley et al., 2012; Larson et al., 2009; Lilley et al., 2003; Seyfried et al., 2003; Wilcock et al., 2009] . Although a sampling bias cannot be ruled out, the large number of samples with ages between $500 and 1250 years (Figure 4 ) may indicate a high rate of sulfide deposition during this time period, perhaps as a result of multiple faulting or similar dike emplacement events.
[20] The High Rise field has been active for at least $840 years (Figure 4) . Similar to MEF, the sample age distribution shows no prolonged venting hiatuses (i.e., >500 years) during this time period (Figure 4) . The two dated samples from the Mothra Field were collected from the actively venting Faulty Towers Complex. Their young ages are unlikely to reflect the age of the entire complex, which consists of numerous vents and inactive structures that have yet to be sampled.
[21] Although hydrothermal activity is currently focused at the five major active vent fields with minor venting associated with smaller vent fields and diffuse discharge areas [Kelley et al., 2012] , the abundance of sulfide debris on the axial valley floor outside of these areas (Figure 2) indicates that past hydrothermal venting along the Endeavour Segment has not been restricted to these (top) and location on the ridge outside of the active vent fields (bottom). Forty-eight of 49 samples are younger than 3000 years. The oldest sample, at $6000 years old, is twice as old as the next oldest sample, and is from outside the axial valley. Samples younger than $1300 years are all from the active vent fields. For both MEF and High Rise Fields, sulfide accumulation has been relatively continuous since the earliest recorded evidence of venting at each respective site, suggesting a stable hydrothermal heat source and fluid circulation system over the lifespan of these vent fields.
currently active areas. Of the few sulfide samples collected from outside the active vent fields, all are older than $1200 years, indicating that locations of hydrothermal venting and sulfide deposition along the axial valley 1200 years ago differ from what is observed today (Figure 4) . However, sample ages older than 1200 years from both MEF and Sasquatch show that these two fields were active in their current locations at that time. The absence of periods of >500 years without sulfide deposition, over the last $2300 years at MEF and $850 years at High Rise, indicates relatively stable, long-lived hydrothermal systems beneath these locations (Figure 4 ).
[22] Hydrothermal venting is commonly focused within the axial valley of intermediate-rate MORs, due to local shallow heat sources and enhanced permeability from normal faulting [Hannington et al., 2005] . With spreading, sulfide deposits become progressively older away from the ridge axis, although this relationship may be complicated by local effects such as faulting, shallow diking events, and heterogeneous permeability [Kappel and Ryan, 1986; Lalou et al., 1985; Petersen et al., 2009] .
[23] Results from this study support the general observation that the age of inactive vent sites becomes progressively older away from the ridge axis (Figure 4) , with active hydrothermal venting largely restricted to the present valley floor, and only minor, diffuse venting occurring on the valley walls and half-grabens. The axial valley-bounding normal faults can be traced over several kilometers of ridge length and are spatially associated with older sulfide deposits [Delaney et al., 1992; Kadko and Butterfield, 1998 ]. Although dated sulfides on the valley floor are mostly younger than 2000 years, the youngest sample from the eastern half graben is 1705 6 195 years old (Figure 4) . The oldest dated mineralization (5850 6 205 years) is furthest from the ridge axis, situated outside the current axial valley on the western volcanic ridge, and $200 m west of the outermost valley fault scarp.
[24] Because of the link between seismicity, faulting, and hydrothermal discharge at Endeavour [Carbotte et al., 2006; Wilcock et al., 2009] , the dating of the sulfide deposits sheds new light on the history of axial valley evolution. The pattern of progressively older hydrothermal venting, from the central valley floor to outside the axial valley, is consistent with the youngest faults active at the axis and older faults being rafted off-axis by spreading (Figure 4 ), similar to slow-spreading ridges [Macdonald, 1982; Solomon et al., 1988] . In the southern half (Mothra to MEF) of the Endeavour Segment, active venting occurs along the innermost western fault scarp, which acts as the primary conduit for hydrothermal upflow [Delaney et al., 1992; Glickson et al., 2007; Kelley et al., 2001] . Heat-flow measurements by Johnson et al. [2010] for the MEF area are consistent, with upflow occurring along the western edge of the axial valley and recharge occurring at the eastern valley wall and half-grabens.
[25] On fast-spreading ridges, deposits outside the axial valley are generally inactive because they are spread rapidly away from the shallow, focused axial heat source. At the slower spreading Endeavour segment, where current-focused hydrothermal venting appears to be restricted to the axial valley floor, ridge flank sulfide deposits outside of the valley may have formed before the formation of the current axial valley. If the hydrothermal deposit on the western ridge flank (D264-R22) formed prior to the current axial valley, the age of the recovered sample constrains the maximum age of the current valley to $5850 years.
[26] The deposition of sulfide material on the eastern half-graben at 2925 years suggests that, at this time, the graben may have formed part of the axial valley floor. Sulfide ages from the eastern half-graben and the valley floor indicate that venting occurred both on the half-graben and the valley floor between $2270 and 1710 years ago. The absence of sulfide material younger than 1700 years ago on the eastern half graben suggests that faulting and further subsidence after this time shifted hydrothermal venting solely to the current valley floor. The sulfide ages suggest that hydrothermal venting was more widespread over the valley floor until $1230 years ago, when venting became limited to the current fields.
[27] Sulfide ages define the minimum ages for the substrate on which they are deposited. Portions of the current axial valley floor at Endeavour are thus older than $2300 years. The single sample from the top of the western volcanic ridge constrains the lava flow in that immediate area to >5850 years. However, limited spatial resolution of sulfide ages along the ridge segment prevents a reconstruction of the eruptive history at Endeavour, as the dated sulfides are more widely spaced than individual lava flows.
[28] The axial valley floor is composed of a combination of collapsed preexisting crust forming a graben system and more recent basalt flows within the axial valley that are constrained by the valley walls [Carbotte et al., 2006] . Although no volcanic activity has been recognized at Endeavour over the past 30 years, evidence of diking events along the Endeavour Segment is well documented [Bohnenstiehl et al., 2004; Carbotte et al., 2012; Davis et al., 2001; Hooft et al., 2010; Kelley et al., 2012] . The nonvertical fault scarps that form the axial valley walls indicate that extension along the ridge segment in the recent past has likely been accommodated by both diking and normal faulting, and thus the age of the valley cannot be simply related to the valley width and spreading rate. Most faults are roughly parallel to the axis of the axial valley, continuous over several km, and have exposed scarps that dip toward the center of the valley (with the exception of a few minor antithetic faults) ( Figure 5 ). The cumulative horizontal displacement of the normal faults at the seafloor (Table 3) , combined with the age of the axial valley, can be used to determine the rate of faultaccommodated spreading along the segment. The faults are divided into east-dipping and west-dipping faults on the western and eastern flanks of the valley, respectively. Fault throws were measured along the three cross sections that strike perpendicular to the ridge axis ( Figure 5 ). Faults that bound the central horst hosting the High Rise field in section A-A 0 are included, although their spatial relationship to the locus of spreading is uncertain ( Figure 5 ).
[29] The results show that the cumulative horizontal throw on either side of the valley is essentially symmetrical, with the average total measured extension across the western valley wall within 3% of extension along the eastern wall (Table 3 ). Between sections A-A 0 and C-C 0 , the total horizontal extension across the valley is also relatively constant along its length, ranging from 426 to 435 m for the three cross sections, averaging 429 m.
[30] Using the maximum valley age of 5850 6 205 years, as defined by the age of the single sulfide from the top of the western volcanic ridge, extension accommodated by normal faults (i.e., not including extension due to dike emplacement and volcanic eruptions) has been occurring at an Table 3 . averaged full rate of at least 7.3 cm/yr. The currently accepted full spreading rate of $6 cm/yr for the Juan de Fuca Ridge, defined using magnetic anomaly analysis [Riddihough, 1984] and U-Th ages of basalts [Goldstein et al., 1991] , is an average over the length of the entire ridge and integrates tens of thousands to several million years of extension. The spreading rate can, however, vary over shorter timescales and along different segments of the ridge [Riddihough, 1984] . Based on movement vectors calculated for either side of the axial valley of the Endeavour Segment (relative to the North American Plate) using the Global Positioning System velocity-generated Global Strain Rate Map (GSRM 1.2) [Kreemer et al., 2003 ], this segment is currently spreading at a rate of 4.9 6 0.2 cm/yr. The fast rate calculated using fault-related extension and the suggested age of the axial valley may be an indication that the current axial valley is in fact older than the oldest dated sulfide ($5850 years old).
Ages of Sulfides at Other MOR
[31] A compilation of seafloor sulfide ages from MORs (n ¼ 300) shows deposit ages that range from <10 to >100,000 years ( Figure 6 ). With the exception of data from this study, the majority of ages were determined using shorter-lived U-series isotope systems such as [Shilov et al., 2012] . The effective age ranges for different U-series isotope systems are indicated, with the 226 Ra/Ba system highlighted in blue. Samples from Endeavour (this study), Brothers Ditchburn et al., 2012] , and single samples from Clark and East Diamente volcanoes [Ditchburn et al., 2012] [1998, 1995, 1996] , and Wang et al. [2012] . pattern in Figure 6 . The 226 Ra/Ba dating technique, with an effective range of $200-20,000 years (highlighted in blue in Figure 6 ) fills this important gap. Besides this study, the only other sulfides with ages that fall within this time gap are from the Brothers volcano, on the southern Kermadec arc Ditchburn et al., 2012] and single samples from the Clark and East Diamente volcanoes [Ditchburn et al., 2012] . The majority of older ages (>$10,000 years) are from deposits on the intermediate-rate Central Indian Ridge, the slow-spreading Mid-Atlantic Ridge, and the ultraslow Southwest Indian Ridge [Cherkashov et al., 2010; Kuznetsov et al., 2011; Lalou et al., 1998; Munch et al., 2001; Shilov et al., 2012] . The oldest documented seafloor sulfide sample was dated at 176,200 6 59,000 years from the Petersburg site (19 52'N) on the Mid-Atlantic Ridge [Shilov et al., 2012] . In most cases, only the most recent deposits near the spreading axes have been dated; deposits that are more than 5 km off-axis would have formed on crust that is at least $250,000 years old. The paucity of information on older deposits is a reflection of the difficulty in locating inactive, offaxis deposits and the focus by most workers on active systems. The fate of these inactive sulfide deposits over time remains unclear, with preservation on the seafloor affected by sulfide oxidation, burial by sediment or lava, and microbial activity.
[32] Compared to the ages of sulfides from intermediate-, slow-, and ultraslow-spreading ridges, the maximum age from the axial summit trough of the fast-spreading East-Pacific Rise (13 N) is only 170 years [Lalou et al., 1985] . The negative correlation between deposit age and spreading rate (Figure 7) is likely a reflection of the amount of time a section of oceanic crust resides within the hydrothermally active neovolcanic zone of a spreading center, the propensity for lava flows to cover the hydrothermal sites more regularly, and the reorganization of hydrothermal upflow zones associated with diking eruptive events. Because the age range provided by the 226 Ra/Ba technique overlaps with typical ages of deposits from fast-, intermediate-and slow-spreading ridges, and volcanic arcs Ditchburn et al., 2012] , this dating technique should be applicable to barite-hosted seafloor sulfide deposits from a range of tectonic environments.
Conclusions
[33] Radium-226 dating of hydrothermal barite provides an important chronometer for investigating the temporal evolution of hydrothermal vents. Barite is a common mineral in many hydrothermal settings and is resistant to seafloor weathering processes. The 226 Ra/Ba technique provides an important bridge between shorter-and longer-lived isotope systems for dating seafloor hydrothermal deposits and is applied here for the first time to MOR systems. Using this technique, 61 samples were analyzed from the Endeavour Segment, 12 samples of zero age, and 49 samples with ages that range from 25 to 5850 years old. Current Figure 7 . Plot of the maximum sulfide ages recorded from sulfide deposits within the axial valleys of MORs and spreading rate, with the maximum age from Endeavour of $5850 years highlighted in red. Older deposits tend to occur on slower spreading ridges. The effective age range for the 226 Ra/Ba technique is highlighted in blue. Data sources are the same as in Figure 6 .
hydrothermal activity at MEF, High Rise, and Sasquatch fields has been ongoing for the past $2270, $850, and $1470 years, respectively. At MEF and High Rise, the majority of samples have ages between 500 and 1500 years, and the data show no significant hiatuses in venting throughout their histories. This information could provide constraints on the timing and mechanisms of vent field faunal colonization and community evolution.
[34] Hydrothermal venting at the Endeavour Segment is intimately linked to diking events, associated faulting, and magma lenses that extend beneath all known currently active vent sites. The temporal and spatial history of venting appears to have been closely related to the evolution of the axial valley.
The link between hydrothermal activity and axial valley evolution can be broken down into three stages: (1) initiation of new normal faulting $5850 years ago, and formation of a shallow, broad axial valley, with subsequent hydrothermal activity throughout the valley floor; (2) at $1700 years ago, further faulting resulted in significant hydrothermal deposition being constricted to a new deeper axial valley floor; and (3) at $1230 years ago, the spatial extent of hydrothermal activity decreases, and is limited to the sites of currently active vent fields. The age of the oldest sulfide sample and the horizontal offset of the axial valley-bounding normal faults result in a calculated fault-accommodated full-spreading rate for this part of the segment of 7.3 cm/yr, slightly higher than estimates of $6 cm/yr for the entire Juan de Fuca Ridge.
